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Abstract: Al2O3 is commonly used as host material for Er3+-doped integrated optical
amplifiers. In this paper, a Graeco-Latin square is used in DC reactive magnetron
sputtering deposition experiment in order to get low optical losses Al2O3 layer.  By
reasonable selection and careful arrangement of experimental parameters, an optimal
combination of deposition parameters is obtained via statistic analysis with the fewest
experimental runs. The result forms the base for the further fabrication of Er3+-doped
Al2O3 layer. The Graeco-Latin square experiment can also be used to investigate the
influence of each parameter on the deposition rate of Al2O3 layer.
1. Introduction
Al2O3 is one of the most promising host material used for integrated optical amplifier
due to its excellent optical properties. It can be obtained by various techniques: co-
reactive magnetron sputtering deposition, radio-frequency magnetron sputtering,
molecular beam epitaxy (MBE) and various CVD.
This paper will focus on the optimization of the fabrication parameters used for the
deposition of Al2O3 by co-reactive sputtering in order to get low optical losses Er-doped
Al2O3 film. A series of experiments are conducted according to Graeco-Latin Square, in
which several significant parameters each with different value (levels) are selected and
specially arranged. A statistic analysis follows after the experiment and then an
optimum combination of the parameters is expected to present. The setup used for co-
reactive sputtering is Balzers KSS 400V which contains three independent guns. The
substrate holder keeps rotating during the fabrication in order to make the layer uniform.
The optical losses are measured by prism coupling method [1,4].
2. Experimental Design [6,7]
2.1 Selecting the experimental parameters (factors)
The objective of our experiment is to investigate how the fabrication parameters
influence the optical properties of Al2O3 obtained by co-reactive sputtering and then
gives an optimum combination of them. The dependent variable to be measured is
optical loss. The independent variables (factors) that exert significant influence on the
optical loss are:
1) Ar flow rate for Al target. Ar acts as the working gas for sputtering. A certain amount
of Ar flow rate is necessary to ignite and maintain plasma. Since plasma current and
voltage have been found to change with the variation of the Ar flow rate, it is
estimated that the deposition rate, the topography and the density of Al2O3 film may
also change with the Ar flow rate. The influence of this factor will be investigated in
our experiment. Considering that high Ar flow rate will increase the working pressure
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inside the chamber and may cause Ar in-cooperation into Al2O3 film, which will
affect the optical properties of the layer, a relatively low Ar flow rate is used.
2) O2 flow rate. O2 is the reactive gas in co-reactive sputtering. High O2 flow rate is
required in order to form stoichiometric Al2O3 film and effectively prevent oxygen
deficiency that will greatly increase the optical loss of the layer [3]. However, high
O2 flow rate can also cause full oxidation of Al target and reduce the deposition rate.
The influence of this factor will also be investigated in order to find a suitable O2
flow rate.
3) DC sputtering power. High DC sputtering power means high deposition rate and high
dynamic energy of sputtered Al molecules which makes the layer more compact, but
it also gives rise to sputtering a cluster of Al molecules which forms the scattering
center of the layer.  There is a check of this factor in our experiment.
4) Substrate temperature. The temperature of substrate significantly affects morphology
of sputtered film. Low temperature will cause large amount of voids in the deposited
film [5] which greatly increase the optical loss of the layer and hence, should avoid.
However, this does not mean the higher the temperature, the better the layer. Too
high temperature may cause high cost and complexity of the equipment and other
unexpected problem. Finding an acceptable substrate temperature is also included in
our experiment.
Beside these factors, the distance between target and substrate, working pressure in the
chamber, target thickness and its oxidation extent and the concentration of the Er doped
also influence the optical loss of the layer. These factors will be investigated future.
2.2 Determining the number of factor levels
Now we have decided 4 factors. Since the relationship between the optical loss and the
factors is not clear, we gives 4 levels to each factor, which also extend the range of the
factor to be investigated. Based on our previous experience [2,3], the factors and their
variation range list as following:
Ar flow rate for Al target (sccm): 25, 30, 35, 40
O2 flow rate (sccm):  45, 50, 55, 60
DC power (W): 200, 225, 250, 275
Temperature of substrate (ºC): 350, 400, 450, 500
The Er concentration will be 0.2 atm.% in this experiment.
2.3 Determining the orthogonal array   
If a factorial experiment is conducted with the factors and their levels decided above, all
levels of a factor should be “crossed” with all levels of the other factors, which means
4×4×4×4 =44=256 experimental runs is required. This is unacceptable for both the cost
and the time consumed. To minimize the experimental runs while the influence of each
factor on the optical loss can still be investigated, a Graeco-Latin square (Table 1) is
adopted. With this arrangement, the main effect of Ar, O2, DC power and substrate
temperature on the optical loss of the layer can be determined from only 16-run
experiments, but the information about interaction effects between these factors can not
be calculated due to limited experiment runs.
2.4 Randomizing the experimental runs
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To control bias error that will inevitably
appear in the experiment, a complete
randomization of the experimental
sequence is necessary. A number of
methods of randomization are available. In
this experiment, 16 pieces of paper written
the matrix in Table2 were well shuffled
and put into a bag. The random test
sequence was established by taking a piece
of paper out of the bag once a time. The
experiment sequence is listed in the 2nd
column of table2.
3. Data analysis [7,8]
16-run experiment was conducted
according to the randomized experiment
sequence. Each run takes exactly the same 30 minutes. Table2 listed the optical losses
measured (λ=1580 nm). These data were analyzed for variance. A summary of this
analysis, which indicated significant effects at the 5% level or less for optical loss, is
listed in Table3, where df  is degree of
freedom, SS stands for sum of squares, MS is
mean square. From these data the F  number is
calculated and compared with critical F value
( cF ). The calculation indicates that none of
factors has significant effects on optical loss.
The determination of specific levels of each factor that significantly affect optical loss is
made by the Duncan multiple range test. The general
steps are:
a) Calculate the means of the factor levels and rank
them from low to high (Table4).
b) Calculate the standard error (
jy
sˆ ) of the mean for each
factor level. (
jy
sˆ =0.9584)
c) Calculate Least Significant Ranges (LSR): n (df of
error)=3, k =2,3,4 (Table5).
d) Take the differences between the factor means in order (Table6):
e) Comparison. This is shown in
Table 7 where H0 is the
hypothesis that if the listed 2 level
is significantly different. The
“decision” shows “accept”, which
means that no significant
difference between levels.
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4. Conclusion
The calculation above indicates that in the given
parameter range none of factors has significant
effects on optical loss. The difference between
parameter levels is also not significant. The
optical    loss for combination of “1-2-3-2” seems
lowest from the measurement. From Table 3 it
can also be found that MS for error is quite high
due to the low degrees of freedom of the error.
This means that the experimental error, including
error caused by different thickness of the layers,
plays an important role to the experimental result.
Taking as many factors as possible under control
(for instance, fabrication of the layers with the
same thickness) and the replication of the
experiment may improve this situation. We’ll
continue our work in this aspect. The result also
implies that there may exist some really
significant factors that are not included in this
experiment.
5. Acknowledgments
The authors would like to thank J.W.Mertens for his technical support and M.Hussein,
S. Musa, H.P.Uranus, and C.G.Bostan for their helpful information on fabrication of the
layers and optical loss measurement.
References
[1] T. H. Hoekstra, Erbium-doped Y2O3 integrated optical amplifiers, Ph.D. thesis, Univ. of Twente,
Enschede, The Netherlands, 1993.
[2] T.H.Yau, Design and Realisation of Erbium-doped Integrated Optical Amplifiers, M.Sc. thesis, Univ.
of Twente, Enschede, The Netherlands, 2000
[3] S. Musa, H.J.van Weerden, T.H.Yau, P.V.Lambeck, “Characteristics of Er-doped Al2O3 thin films
deposited by reactive co-sputtering”, IEEE JOURNAL OF QUANTUM ELECTRONICS, Vol. 36,
pp. 1089 –1097, 2000
[4] Kerstin Worhoff, “ Optimized LPCVD SiOxNy waveguides covered with calixarene for non-critically
phase-matched second harmonic generation”, Ph.D. thesis, Univ. of Twente, Enschede, The
Netherlands, 1996.
[5] Michael A. Lieberman & Allan J. Lichtenberg, Principles of plasma discharges and materials
processing, New York: John Wiley & Sons, Inc.,1994, pp. 522-526
[6] Normand L. Fregon & David Mathews, Practical Guide to Experimental Design, New York: John
Wiley & Sons, Inc.,1997, pp.1-133
[7] Edwin M. Bartee, Engineering Experimental Design Fundamentals, New Jersey: Prentice-Hall,
Inc.,1968, pp.99-310
[8] Alberto Garcia-Diaz & Don T. Phillips, Principles of Experimental Design and Analysis, London:
Chapman & Hall, 1995, pp.154-179
Proceedings Symposium IEEE/LEOS Benelux Chapter, 2002, Amsterdam
261
